The concentrations of incompatible trace elements in ocean island basalts (OIB) from the central Atlantic extend to relatively enriched and fractionated compositions in regions of older oceanic lithosphere. Certain trace element ratios normally considered to be uniform in the mantle, such as Ce/Pb, are particularly variable. However, other trace element ratios that are expected to be variable because of differences in bulk distribution coefficient, such as Cc/U, are relatively uniform. The Ce/Pb ratios in enriched OIB are correlated with unusually high U/PI, and low K/U. These U/Pb ratios would have generated excessively radiogenic Pb if they were long-term (lo9 yr) features of the source such as might result from core formation or recycling of h&rothermally altered ocean floor basalts. However, volcanic centers with high U/W do have high 206Pb/ 204Pb for their Pb/ 204Pb, a feature that is most easily modelled by enrichment in U relative to Pb about 10' yr prior to melting, a time similar to the age of the lithosphere. We propose that the source regions of these magmas are enriched by the introduction of small degree partial melts soon after the formation of the oceanic lithosphere. Metasomatism of the uppermost mantle by small degree partial melts produced in equilibrium with a combination of residual upper mantle major silicate phases, together with minor amphibole ( 5 2%), sulfide (< 0.2%) and phlogopite (< 0.2%) at about the time of formation of the lithosphere, would generate a 'near-surface fractionated' (NSF) source with low K/U and high U/Pb, AzosPb/*Pb and Ce/Pb, while maintaining Cc/U, Nb/U, Ba/C!e and Ba/Nb that are only slightly fractionated relative to other OIB. An important feature of the modelling of NSF mantle is that U is more incompatible than Ba or Rb. This is confirmed by the variability in incompatible trace element ratios with U concentration for enriched OIB. However, this contrasts with the relative incompatibility deduced from U-Th-Ra disequilibrium data for MORB and OIB, endorsing the view that the variability in highly incompatible trace element ratios in enriched OIB is dominated by source enrichment effects that are distinct from the fractionation that takes place during the production of the erupted magmas.
Introduction
The relative concentrations of incompatible trace elements in Earth's mantle provide critical clues for our understanding of accretion history, core formation, the growth of the crust, recycling via subduction, melt processes and the scales and causes of mantle heterogeneity. A significant advance in this subject area over the past few years has involved empirical estimates of relative bulk distribution coefficients and source compositions based on high-quality compositional data for carefully screened and selected basalt samples [l-5] . If the concentration ratio of two incompatible elements is independent of concentration it is argued that they have the same value of D-the bulk distribution coefficient 161. This method of determining the degree of incompatibility of trace elements is often the best approach available and is, for example, the method used to estimate the K/U ratio in the upper mantle, upon which calculations of heat production are based [ll, and the Ce/Pb ratio which places important constraints on the history of recycling in the mantle [3] . Nevertheless, some of the ratios that have originally been thought on this basis to be uniform in the mantle have subsequently been shown to vary significantly [5, 7] .
This study presents new trace element data for basaltic lavas from ocean islands in the central Atlantic. Certain supposedly uniform trace element ratios in ocean island basalts (OiB) are fractionated in regions of old oceanic lithosphere. This appears to be caused by metasomatic enrichment in the sub-oceanic upper mantle at the time of formation of the lithosphere.
However, certain other incompatible trace element ratios, which can be expected to be quite variable in basalts generally (Cc/U, Ba/Ce), appear to be relatively uniform, even in highly enriched OIB. In fact, OIB is more uniform in many incompatible trace element ratios than mid-ocean ridge basalts (MORB), the opposite of that anticipated from the relative degrees of heterogeneity in isotopic compositions. Hence, the differences between the variability in MORB and OIB reflect distinct mantle processes for the two magma types and place significant constraints on the recent history of melting and source enrichment, as well as the generation of global scale mantle heterogeneity.
Approach
The central Atlantic is excellent for studying basalt compositions as a function of degree of partial melting because the region is removed from the complicating effects of the DUPAL anomaly in the southem hemisphere [8] and there are no recent subduction zones nearby. The central Atlantic includes a number of islands with basalts of very different composition in old (thick) and young (thin) lithosphere [g-12] . The current database for combined trace element and isotopic compositions of lavas from this region is fragmented. Consequently we have attempted to bridge some of the gaps with a reconnaissance study that complements published trace element studies of the Cameroon line 113,141, the Azores [7] , St. Helena [15] and the Cape Verdes [16] . The new results are presented in Table 1 and include data for Ascension, Madeira, Fernando de Noronha, Trinidade, the Cameroon line oceanic and continent/ocean boundary (COB) sectors and some of the Azores islands for which few data have been published. All of these lavas are < 10 Ma in age, petrographically relatively fresh and contain more than 4 wt% MgO. The Nd, Sr and Pb isotope geochemistry of these samples are presented elsewhere [7, 9, [16] [17] [18] 201 .
Major and trace element analyses were deter-mined using XRF at the University of Edinburgh, REE concentrations, were determined by isotope dideploying techniques described previously [13] . All lution TIMS using techniques outlined elsewhere concentrations of U and Pb, and some Rb, Sr and 1191. Nearly all the ID measurements should be [9, . U and Pb concentrations for Madeira are new determinations and do not correspond to =sU/ *04Pb reported in [9] . accurate to within f 1%. Our ID and XRF analyses for La, Ce and Nd always agree to within better than f 30%. XRF accuracy for Rb and Sr is better than f 5%, for Ba, Nb and Zr it is considered better than f 20%. These uncertainties are insignificant in terms of the trends displayed by the data and their interpretation.
We have also used relevant data in the literature for other samples for which isotope dilution U and Pb data were available [l-3,45,7,9,16-26] .
The MORB trace element and isotopic data are only for samples of fresh glasses from the Atlantic, Pacific and Indian Oceans, for which U, Pb and Ce analyses were published by the Mainz group in f1,3,4]. These are generally regarded as N-MORB. Screening analyses of OIB has been more complicated. Even in reasonably fresh OIB the tendency for mobility of certain elements (Rb, Ba, U, Pb) needs to be evaluated. In this study we find that U and Ba to LREE ratios are surprisingly uniform in OIB and hence the question of heterogeneity produced by mobility of U does not normally arise. Hofmann and White [2] showed that Ba/Rb was very sensitive to alteration. We have therefore screened the data and excluded all samples if the Ba/Rb ratio is < 5 or > 20. Even after this screening it was found that some of the trace element data for Tubuai [22] Fig. 1 . The island closest to the MidAtlantic Ridge in the area with the youngest lithosphere ( < 10 Ma) is Ascension. The data for Ascension define relatively flat normalized plots (Fig. 1A) with depletion of Sr, which is probably the result of minor plagioclase fractionation. The Azores and St. Helena are located in slightly older lithosphere (35 and 30 Ma respectively). The Azores patterns are also relatively flat (Fig. 1B) examples of K depletion (e.g., Etinde and Trinidade), the ratios of Ba and U to La and Ce are approximately constant, and roughly equivalent to the chondritic proportions expected in primitive mantle. The details and causes of these features are now addressed with the use of trace element ratio plots. The Ce/Pb ratios of MORB and OIB are generally considered to be relatively uniform, implying that the bulk Ds for Ce and Pb are the same, as argued by Hofmann et al. [3] . As such the Ce/Pb ratios of OIB should be essentially independent of trace element ratios such as U/PI>, which vary greatly, presumably because U is more incompatible than Pb [4] . On combining the data for the central Atlantic islands with other high-quality published data we see a surprisingly large range in Ce/Pb (15-901, and positive correlation with U/Pb ( , have Ce/Pb slightly lower than that found in MORB. Considerable evidence exists that U is more incompatible than Pb in mantle melting [4, 19, 22, . It might seem tempting to conclude, therefore, that Ce is slightly more incompatible than Pb in OIB melting. However, this does not find support in published partition coefficients for clinopyroxene and garnet, the most likely major phases to control such trace element ratios in mantle melting [27- 351. There should also be a negative relationship between Ce/Pb and Cc/U if Ce is more incompatible than Pb because U is more incompatible than Ce. In fact, the Cc/U ratios in MORB display a large range (Fig. 2b) , and are not correlated with Ce/Pb, which is relatively uniform. In contrast, in the case of OIB it is the Ce/Pb ratios that are more variable (by a factor of 6) and these are not correlated with Cc/U ratios (which vary by only a factor of 3). The relative standard errors from the mean (RSEM) for the data shown in Fig. 2 are given in Table 2 . It can be seen that MORB Cc/U and U/Pb ratios for the same suite of samples have the same RSEM (0.441, entirely consistent with uniform Ce/Pb in the MORB source (RSEM = 0.21). In contrast, despite the smaller dataset for MORB, U/Pb is more uniform in OIB (RSEM = 0.34). Furthermore, in contrast to MORB, U/Pb shows variability similar to that for Ce/Pb (RSEM = 0.32). This is a little greater than the RSEM for Cc/U (0.291, which is significantly less than the RSEM for Cc/U in MORB (0.44). The Cameroon line is somewhat unusual in its setting [14, and in order to demonstrate that this is not unduly influencing the statistics, the relative variability defined by the OIB dataset without the Cameroon line is also shown ( Table 2 ). The changes in all the trace element ratio means are negligible. The biggest changes in variance are increases for U/Pb (RSEM = 0.39) and ce/Pb (RSEM = 0.36) and a decrease for K/U (RSEM = 0.45).
These data present something of a paradox. In the simplest melting models and assuming a uniform Table 2 Mean and standard errors from the mean for incompatible trace element ratios in MORB and OIB source, incompatible trace element ratios are expected to vary with degree of partial melting as a function of differences in bulk distribution coefficient [6] . The degree of fractionation in the melt should decrease with increasing degree of partial melting. Hence if Cc/U is more uniform in OIB than MORB either (a) the OIB source is more uniform than the MORB source, which on isotopic grounds would appear unlikely, or (b) the degree of partial melting in OIB is larger than it is in MORB such that Cc/U is unfractionated in the former but fractionated in the latter, which runs contrary to traditional thinking based on the experimental petrology of basalt, or (c) OIB melt fractions are very uniform, which given the range of trace element concentrations in OIB appears implausible, or (d) the variabilities in Ce/U/Pb imparted to MORB and OIB are the products of processes other than fractionation during melting. A similar problem for other incompatible trace element ratios has been noted by Allegre et al. [36] .
Ratio

U/Pb
The decoupling of U-Pb from other isotopic systems has been discussed previously (e.g., [37] ). Therefore, the correlated behavior of Ce/Pb and U/Pb in OIB, but lack of relationship with Cc/U, might be thought to implicate a process that affects Pb preferentially, totally unrelated with melting, such as core formation [38] or recycling of oceanic crust depleted in Pb by hydrothermal scavenging [39] . However, if the large-scale composition of the mantle is being affected in this manner it is unclear why such Pb-depleted reservoirs should be more apparent in the Madeira, Cape Verdes, Trinidade and Cameroon line basal& from areas of old lithosphere. Furthermore, the high U/Pb ratios characteristic of these magmas would produce extremely radiogenic lead if they were long-term features of their sources that were allowed to evolve for longer than the age of the lithosphere (lo* yr). Hence they cannot be the products of processes such as core formation, or recycling of hydrothermally depleted lithosphere [9, 19] . This is illustrated in Fig. 3 , which shows the Pb isotopic compositions of mantle that has been fractionated in U/Pb to varying degrees and compares these with normal Pb isotopic compositions of oceanic basalts. The arrays are constructed assuming that 'typical mantle' is defined by the 'northern hemisphere reference line' (NHRL) of Hart [8] . This . It is clear that U/Pb ratios corresponding to those observed in the lavas cannot be long-term features of the asthenosphere and must be destroyed or diluted by mixing with low-U/Pb mantle. Therefore, while the process that fractionates Ce/Pb and U/Pb does not fractionate Cc/U, it must be a relatively young feature [9, 19] . While lead isotope data are inconsistent with long-term high U/PI, in the mantle, there is evidence that high U/PI> has been a feature of the source regions of the high U/Pb lavas for periods of the order of lo8 yr. There is a small but significant increase in 206Pb/ 204Pb relative to 207Pb/ 204Pb that is consistent with an increase in U/Pb within the upper mantle at about the time of formation of the lithosphere [9, 19] . This is illustrated in Fig. 4 , in which A206Pb/ 204Pb is plotted against U/Pb for the same suite of samples, averaged by location. A206Pb/ 204Pb is defined as the deviation of "'Pb/ 204Pb from the NHRL of Hart [S] , and by definition is inversely correlated with the results for Hart's expression for A207Pb/ *04Pb. It provides a A"6Pb/204Pb is plotted against U/Pb for the same suite of samples, averaged by location. The calculated effects of high U/Pb, such as is measured for some erupted lavas, on Pb isotopic heterogeneity, if these were short-term and young features of OIEt and MORB sources, is to increase 20aPb/ 204Pb relative to zo7Pb/zo4Pb and hence increase A206Pb&'204Pb. The amount of time corresponding to the differences in 'Pb/ m4Pb for a given U/Pb is marked with the reference lines. Data from Table 1 and [l-5,7,9,16-26] . See text for discussion. P ammeter quantify$r~ the degree of scatter in 06Pb/ u)4Pb when Pb/ zo4Pb is plotted against it. A possible reason for such scatter is young (N lo* yr) extreme enrichment in U/Pb. Ancient enrichment would also result in major increases in zo7Pb/ '04Pb ( Fig. 3) whereas if the fractionation in U/Pb is young there would be a greater increase in zoaPb/zo4Pb relative to 207Pb/u)4Pb, and therefore in Azo6Pb/ 204Pb. The choice of particular reference line is not critical to this argument. Using a best-fit regression line produces a similar effect. It can be seen that A206Pb/ zo4Pb is higher in regions with lavas with high U/Pb. Overall, the data define a rather broad trend with MORBs having relatively low U/Pb and A206Pb/ 204Pb, and high have already had moderately elevated U/Pb prior to this time, and this would contribute to their overall high 207Pb/u)4Pb as well as high 206Pb/ u)4Pb. However, the high Azo6Pb/ 204Pb is probably not the product of such long-term recycling alone, and the very high average U/Pb of the lavas cannot be a long-term feature of the source (Fig. 3) . Neither can the high U/Pb simply be the result of the partial melting that generated the sampled lavas (Fig. 4) . That U/Pb and A206Pb/ 204Pb tend to be higher in the source regions of lavas from regions of old lithosphere, and that the time scales required for this are of the order of lo8 yr, is consistent with fractionation in U/Pb (and Ce/Pb) around the time of formation of new lithosphere. The fractionation in Ce/Pb and U/Pb in the upper mantle may be caused by metasomatic enrichment via small degree partial melts, such as those that may form between the wet and dry solidi (p' and p in Fig. 5 ) of mantle peridotite near ridges 140,411. The melts that enrich the source region and produce this 'near-surface fractionated' (NSF) mantle would need to form in the presence of critical residual phases that fraction- Table 3 Partition coefficients used in melting calculations ate Pb relative to Ce and U by partitioning during low degree partial melting. With the exception of Madeira and Ascension [9] it is clear from Nd and Sr isotopic data that the central Atlantic islands are not derived from MORH-like sources. The source regions also involve less depleted heterogeneous material, dispersed in the asthenosphere or accreted under the lithosphere. Models of partial melting in plumes highlight the role that small degree partial melting may play in generating nephelinitic magmas away from the region of major picritic melting [42] . A model for secondary enrichment of a compacting sub-lithospheric accreted plume head (Fig. 5b) resulting in NSF mantle has been presented previously to account for the Pb isotopic data for the Cameroon line basalts [19] . Clearly, several scenarios can be envisaged that involve small melt fractions that upon migration will metasomatize the upper mantle near the base of the lithosphere at around the time of its growth and then migrate relative to the ridge (Fig.  5c) they will be diluted in larger degree (less enriched) partial melts that also form in those environments. However, the degree of partial melting in plumes is predicted to decrease as a function of the thickness of lithosphere or mechanical boundary layer [43] . Therefore, NSF mantle that survives and is transported away from the vicinity of a ridge melt zone may be preferentially resampled in regions of older, thicker lithosphere by smaller degrees of partial melting at greater depth [9, 43, 44] .
Constraints on the generation of NSF mantle from trace element partition coefficients
Experimental partition coefficients for garnet (gt), orthopyroxene (opx) and olivine (01) ( Table 3) indicate that they are not capable of fractionating Ce/U/Pb ratios greatly, whereas the Ds for clinopyroxene (cpx) define a broad range with approximate values of 10m4 < U < lo-' = Pb < 10-l = Ce. The variability in Nb/U, Cc/U, Ce/Pb, U/Pb, Ba/Ce, Ba/Nb, Ba/Rb and K/U in a liquid as a function of degree of batch melting (F) of different assemblages is illustrated in Fig. 6 . Similar results are obtained using cumulative products of Rayleigh fractional melting. In general, only higher quality recently determined partition coefficients have been used (Table 31 , based either on experimental data or on isotope dilution measurements of separated minerals from peridotite xenoliths. For the purposes of this paper, the compilation in Table 3 has been made from selections of data that showed the greatest consistency, with a prejudice of rejecting higher Ds.
The small range in Cc/U in OIB (Table 2 ) is difficult to reconcile with the larger variability found for Ce/Pb and U/Pb, since the bulk distribution coefficients should be closer for U and Pb, and for Ce and Pb, than for U and Ce (Table 3) and Fig. 6 ). All combinations of gt, cpx, opx and 01 require > 1% for F to minimize Cc/U fractionation. Higher gt/cpx ratios also serve to minimize Cc/U fractionation. No combination of 01, cpx, opx and gt generates liquids with higher Ce/Pb than their source. This is hardly surprising, given the consistency of Ce/Pb in many basalts [3] . The fractionation in Ce/Pb found in regions of old lithosphere must F F Fig. 6 . Plot of incompatible trace element ratios vs. melt fraction for a batch melting model with the following assemblages: C = 5% cpx, 95% 01; 0 = 25% opx, 5% cpx, 70% 01; G = 2% gt, 25% opx, 5% cpx, 68% ol; P = 2% phl, 2% gt, 25% opx, 5% cpx, 66% 01; A = 2% amp, 2% gt, 25% opx, 5% cpx, 66% ol; A-S = 0.2% su, 2% amp, 2% gt, 25% opx, 5% cpx, 65.8% 01. All calculated assuming the D values given in Table 3. therefore be brought about by minor phases only present at small degrees of partial melting. Similarly, the K/U ratios in MORB are relatively uniform (Table 21 , a feature inferred to reflect similar bulk D for K and U during MORB melt production [l] . However, the K/U ratios in OIB are more variable (Table 2 ) and can be extremely low, associated with marked U enrichment and high Ce/Pb in the case of the Cape Verdes, Trinidade and the Cameroon line ( Fig. 1 and Fig. 2d and 7) . As with Ce/Pb, some minor phase must exist at small degrees of partial melting that fractionate K from U and that is more prevalent in enriched OIB (NSF) sources than in MORB sources (Fig. 7) . Such fractionations in enriched continental mantle-derived magmas have been ascribed to the importance of potassic phases, such as feldspar and phlogopite (phi), in the sub-continental lithospheric mantle [55, 56] . However, Ba/Ce is surprisingly uniform in OIB compared with MORB (Table 2 and Fig. 2e) . This is the opposite of that expected if phlogopite or feldspar fractionate K because Ba tends to partition into these minerals [57] (Table 3 and Fig. 6 ). The most likely residual phase that could fractionate K strongly without affecting Ba/Ce ratios so greatly is amphibole (amp) [13] (Table 3 and Fig. 6 ). The importance of amp as opposed to phl as a storage site for H,O in the upper mantle has been proposed previously [58] . However, any combination of 01, opx, cpx, gt and amp will generate a bulk D for Ba that is less than that for Ce (Fig. 6) . That Ba/Ce does not vary with Ce concentration in OIB (Fig. 2e) is inconsistent with the results of such models. Therefore, unfractionated Ba/Ce ratios provide evidence of an additional trace phase that is rendering Ba less incompatible in NSF mantle. Trace ( < 0.3%) amounts of phlogopite (Fig. 6 ) would be sufficient. If the bulk D for Ba is equivalent to that of Ce, because of minor phl in NSF mantle, one would expect to observe variability in Ba/U (and Ba/Nb) but no change in Ba/Ce with degree of partial melting, exactly as observed in OIB (Fig. 2e and 7) .
No combination of silicates, carbonates, phosphates or oxides is capable of producing the depletion in Pb and fractionations in U/PI, and Ce/Pb. However, sulfide (su) is likely to fractionate both U/Pb and Ce/Pb, while maintaining only minor fractionation of Cc/U [59] . Experimental studies of Pb partitioning between silicate and sulfide liquids indicate a high D for Pb that is a function of oxygen fugacity [50] . Low U/PI> ratios have been measured in sulfide inclusions in diamonds 1601; sulfide is ubiquitous in mantle samples [61] and there is evidence that it fractionates Re/Os in basalt genesis [62] . If small degrees of partial melting leave amp and su as residual (or dense immiscible) phases, fractionations in K/U, U/Pb and Ce/Pb are to be . Incompatible trace element ratios in MORB and OIB with U as the denominator, plotted against U concentration. Uranium would appear to be the most incompatible trace element in enriched OIB. Also note that the shape of the MORB field changes depending on the geometry relative to the OIB field, implicating mixing with OIB as a major contributor to the trace element variability, and in some cases uniformity in MORB. Data from Table 1 and [l-5,7,16,21,22,25] .
expected. The predicted effects of batch melting a source with 5% cpx, 20% opx, 2% gt, 2% am, 0.2% ph, 0.2% su and 70.6% 01 mimic many features of mantle-normalized incompatible trace element patterns of OIB from areas of old lithosphere (Fig. 11 , including depletions in K and Pb. Titanium is also depleted and Zr enriched. Ba/Ce and Cc/U are only slightly fractionated, consistent with the observations for OIB. We propose that such melts enrich portions of the uppermost mantle and that this NSF mantle is subsequently remelted to form enriched OIB from regions of older lithosphere. A significant result of such modelling is that U and Th are the most incompatible elements, more so even than Ba (Fig. 8) . This runs contrary to mineral/melt partition coefficients for major mantle minerals [31, 32] , U-Th-Ra disequilibrium data for MORB and Hawaiian basalts [[63-651 and interpretations of trace element ratios in basalts more generally [2, 4, 5] . However, it is entirely consistent with the trace element ratios for OIB shown in Fig. 7 . It can be seen that the ratios Rb/U, Ba/U, K/U, Nb/U, Pb/U and Cc/U all decrease with increasing U in enriched OIB. Since these trends are dominated by the data for enriched OIB, we conclude that U is notably more incompatible and/or Ba and Rb are less incompatible in the melting that produces enrichment in the source regions of OIB in areas of old lithosphere (NSF mantle) than is thought to be the case for MORB and OIB melt production. A similar feature has been noted for Th concentrations in OIB [36] .
When the MORB field in Fig. 7 is collinear with the OIB array it defines a distinct correlated trend extending into the OIB field (e.g., Cc/U or Pb/U vs. U). When the MORB field plots at an acute angle to the OIB array the MORB trace element ratios display only a slight variability, plotting toward the center of the OIB field (e.g., K/U or Nb/U vs. II). When the MORB field plots entirely to one side of the OIB array it defines a broad field with no trend (e.g., Rb/U and Ba/U vs. II). These relationships are entirely consistent with contamination of MORB or the MORB source by OIB or the OIB source, as suggested by many others (e.g., [30, 68] ). When the vectors for contamination of MORB by OIB and for variability in OIB itself (whatever the cause) are not collinear, the MORB data define a scattered field.
On a plot of Ba/Ce ratio against 87Sr/86Sr (Fig. 9 ) the MORB data define a trend consistent with contamination by OIB-like components. There is also a tendency for Pb to be more radiogenic in MORB with low Cc/U. Therefore, these isotopic data lend support to the view that some N-MORB are contaminated by OIB components [30] . Furthermore, the homogeneity in isotopic composition for less incompatible elements such as Nd and Sr but greater heterogeneity in highly incompatible trace element ratios and Pb isotopic compositions of MORB may be explained by the influence of contamination by enriched small degree partial melts on a depleted peridotite source. Such an effect is found in spine1 lherzolite xenoliths from the sub-continental lithospheric mantle for example [34] . Table 3 . Note the positive Pb anomaly for all assemblages unless sulfide is included, the strong depletion in Ba if too much phlogopite is present, the tendency for U to be the most incompatible element if minor phlogopite or amphibole are present and the similarity between the final pattern and that found in many enriched OIB (Fig. 1) .
Effect of NSF mantle on large-scale mantle reservoirs
NSF mantle must become re-entrained in asthenospheric flow (Fig. 5d) . It would then become a long-term heterogeneity producing isotopically enriched mantle, albeit greatly diluted, in a manner similar to that proposed for enrichment by subduction of oceanic crust [22, 66] or erosion/delamination of sub-continental lithosphere [67] . Some OIBs, such as St. Helena, might inherit both their marked K depletions and high U/Pb (Fig. 1 ) from such longer term heterogeneities in the mantle. The striking features of such recycled NSF mantle would be LREE enrichment, higher U/PI> and Ce/Pb and lower K/U with normal Ba/Ce and Cc/U. This is distinctly different from the predicted effects of recycling either continental or oceanic crust and it is significant that Cc/U and Ba/Ce in OIB are close to chondritic or primitive mantle values ( Fig. 9 and Fig. lo) , and yet not greatly fractionated by melting (Fig. 2 and Fig. 7) . The variation in Ba/Nb ratio in OIB is often argued as reflecting the competing effects of recycling of Ba-depleted MORB on the one hand and Ba-enriched, Nb-depleted continental crust on the other [5, 22, 66] . However, the variability in both Ba/Ce and Cc/U in OIB is identical to that in Ba/Nb (Table 2) . Furthermore, recycling models that advocate U enrichment or Pb depletion of MORB as the mechanism for generating radiogenic Pb in OIB (e.g., [22, 39, 66] ) are difficult to reconcile with the fact that U/Pb variability in OIB is that in pristine MORB ( residue after fluid/melt extraction in a subduction zone, should be closer in Cc/U and Ba/Ce to chondritic ratios [66] . Furthermore, if continental lithosphere were added in an appropriate amount and these heterogeneities became well mixed they might, coincidentally, generate a source with chondritic proportions. Samples with the highest Ba/Ce have unradiogenic Pb (Fig. 9d ) consistent with recycling of small amounts of continental crust. Samples with the lowest Ba/Ce have radiogenic (HIMU) Pb (Fig. 9d ) consistent with recycling of U-enriched ocean floor basalt. However, in order to balance the Ba/U/Ce in most OIB, about lo-30% of average continental crust must be combined with average MORB (Fig.  lob) , or about 510% must be combined with the residual depleted altered MORB composition of Weaver [66] (Fig. 10~ ). These amounts would seem excessive given the considerable thickness of relatively unaltered basaltic oceanic crust and the fact that elastic sediments are diluted by siliceous oozes and carbonates that carry negligible Ba, U and Ce. The amount of basaltic/gabbroic ocean crust subducted can be estimated to be in the range 3-5 X 1016 g yr-', whereas the current flux of subducting elastic sediment is estimated to be a maximum of 1 X 101' g yr-' [D.K. Rea and L.J. Ruff, pers. commun., 19941. Not even allowing for the fact that only a fraction of this sediment becomes entrained in the asthenosphere, this is too small to match the requirements of the Ba, U and Ce data for OIB. This is scarcely surprising. To consider this in somewhat different terms, it is improbable that primitive mantle, the ultimate source of depleted mantle, oceanic lithosphere and continental lithosphere can survive as a reasonably uniform composition sustained dominantly by the random admixing of two components (continental and oceanic lithosphere) with radically different compositions and survival times. A more realistic scenario is one in which a significant component of OIB sources is mantle that has not undergone the major Ba/Ce/U fractionation found in MORB, the MORB source and the processes associated with subduction zone magmatism. Such mantle may be fractionated in Rb/Sr, Sm/Nd, Lu/Hf etc. by a prior history of melting in the garnet stability field. It may also be affected by minor amounts of enriched NSF mantle component with higher U/Pb and Ce/Pb and slightly lower K/U, Ba/Nb and Ba/Ce. If such NSF mantle were recycled in diluted form (Fig. 5d) , it would generate an 'end-member' composition with relatively radiogenie Pb and trace element characteristics that are similar to those of HIMU centers such as St. Helena. However, it would have near-chondritic Ba/Ce and Cc/U, and the contribution of material that is strongly fractionated in Ba/Ce and Cc/U (e.g., MORB and continental crust) would be relatively minor, preserving close to primitive mantle ratios for OIB source regions.
However, subducted MORB must be contributing to some degree in the trace element composition of the mantle. If we assume that the remainder of the source did indeed have primitive mantle relative concentrations [5] of Ba, Ce and U, the more scattered OIB data allow for a contribution to the OIB source of 10% of average modem unaltered MORB (Fig. 10d) and a greater contribution from altered MORB. If the absolute concentrations in the OIB source are depleted relative to primitive mantle, as seems inevitable, the amount of permissible recycled MORB contamination would be less. The difficulty with all these models based on Ba/Ce/U is that they do not explain the non-chondritic Nb/U of the mantle [31. Finally, the data presented here place constraints on the processes that must have been involved in the early development of Earth's mantle. It has been proposed that the major element composition of the mantle can be explained by perovskite fractionation in a magma ocean [69] . However, it has also been argued that such a model is irreconcilable with the partitioning of Lu relative to Hf in Mg perovskite and the resulting fractionation expected in Lu/Hf [70] . The partition coefficients for Ba, Ce and U between Ca perovskite and silicate melt increase in the order Ba = 0.1, Ce = 4, U = 20 [70] and are so extreme that if it were an important phase during melting or fractional crystallization in the early Earth, the mantle could not maintain near-chondritic Cc/U and Ba/Ce. This is illustrated in Fig. 10f in which the effects of Rayleigh fractional crystallization and batch melting are shown starting with a primitive mantle composition. In contrast, majorite fractionation of the OIB source is not inconsistent with near-chondritic Cc/U and Ba/Ce. Garnet-like mineral phases in the early Earth and in modem melting are not expected to greatly fractionate U, Ba or Nb from the LREE, unless the degree of partial melting is unrealistically small. The data presented here are therefore more readily accommodated by models in which the early Earth had at most a shallow magma ocean at pressures less than those required for phases such as Ca perovskite to be significant fractionating phases.
